Adverse influences in early life have been held responsible for some of the morbidity and mortality from cardiovascular diseases in the adult population. Restricted growth in utero is thought to leave an imprint on various fetal organ systems that could increase the risk of coronary heart disease and hypertension later in life. Preterm birth is another occurrence in which differences in developmental conditions may significantly affect the vascular system, although the long-term consequences might differ from those of restricted fetal growth (1, 2) . Adults born before term show an increase in BP and signs of an adverse metabolic profile (1, (3) (4) (5) (6) (7) (8) . The underlying mechanisms responsible for such long-term effects of preterm birth are not known.
Vascular, renal, and central regulatory factors have been proposed to be involved in the developmental programming of BP (9) . Changes in sex hormones may also be involved. Fetal exposure to placental estrogens and progesterone normally increases markedly toward the end of pregnancy, and birth weight can be used as a proxy for antenatal estrogen exposure (10) . After preterm birth, exposure to placental steroids abruptly ends. Preterm girls can, to various degrees, compensate for this loss by increasing endogenous estrogen production during the first months after birth (11) . Whereas endogenous estrogens are known to have beneficial effects on arterial stiffness and endothelial function, offering cardioprotection in women of reproductive age, their role in early vascular devel-The sum of the mechanical properties in elastic and muscular arteries determines the velocity of the outgoing systolic pressure wave and the extent to which this wave is reflected back to the proximal aorta. The reflected waves augment the forward traveling pressure wave generated by left ventricular ejection. Identification of early and late systolic peaks in the aortic pressure curve allows quantification of an AI, presented at a standardized heart rate of 75 beats/min. The AI is related to the speed of the central and peripheral pressure wave reflections and can therefore be used to estimate total arterial stiffness. The mean value of three recordings, each comprising 10 consecutive pressure waves, was taken as the individual's reading. The CV for AI measurements was 9.7%.
Stiffness in the aorta and carotid artery. The mechanical properties of two elastic arteries were studied by measuring changes in diameter of the abdominal aorta and the left common carotid artery (20) . A real-time B mode ultrasonic scanner (Hitachi EUB 240, Hitachi Medical Corp., Tokyo, Japan) with a 5-MHz linear array transducer (Hitachi EZU-PL22, Tokyo, Japan) was interfaced with a computer-generated pair of electronic echo trackers (Diamove, Teltec AB, Lund, Sweden) to measure the pulsatile movements of the vessel wall. Ultrasonic signals were sampled at a frequency of 100 MHz, implying that the system could detect vessel wall movements of less than 10 m. The end diastolic diameter (Dd, mm) and the pulse amplitude of the diameter (⌬D, mm) were determined. These data and those of simultaneously measured BPs in the brachial artery were computed to yield the stiffness index (␤) of the arterial wall at the selected sites by the following equation:
The mean value of three recordings, each comprising six to 10 consecutive heart cycles, was regarded as the individual's reading. The CV for repeated measurements of arterial stiffness index has been found to be 10 -13% at our laboratory.
Pulse wave velocity. The PWV was measured to estimate arterial stiffness in a muscular artery. It is related to arterial vessel wall compliance: i.e. in a stiffer artery, the pulse wave travels faster. A photoplethysmographic method was used to determine the transit time of the arterial pulse wave from the brachial artery (antecubital fossa) to the radial artery just proximal to the wrist (mean interprobe distance of 233 mm (SEM ϭ 1.8) as determined with a measuring tape graded in millimeters) (21) . The mean transit time for at least 10 heart cycles was calculated and divided by the distance between the probes. The PWV measurements were repeated three times in each participant, and the CV was 19%.
Endothelial function. A laser Doppler instrument (Periflux 4001, laser wavelength 780 nm) and a micropharmacology system were used to measure blood flow in the dorsal hand skin (Perimed AB, Kista, Sweden) (2, 20) . The laser Doppler signal is proportional to the number and velocity of moving blood cells in the skin microvessels and is expressed in PU of output voltage (1 PU ϭ 10 mV). The temperature of the laser Doppler probe was standardized to 32°C. To study endothelium-dependent vasodilatation, basal perfusion was recorded for Ն2 min, after which 2% Ach (acetylcholine chloride, Sigma Chemical Co.-Aldrich Chemie GmbH, Steinheim, Germany) was transferred across the skin by iontophoresis (anodal current of 0.1 mA for 20 s repeated five times at 60-s intervals). Basal perfusion and changes in response to ACh were measured as the area under the PU/time curve. This endothelial function test in the skin correlates to flow mediated dilatation in the brachial artery (22) . The CV for repeated measurements of maximum perfusion change induced by ACh has been found to be 18% in our laboratory.
Statistical methods. The results are presented as mean (SEM) or proportions. Student's t test, 2 , and analysis of variance were used to test for group differences. Correlation coefficients were calculated to find possible associations. Regression analysis was used to evaluate contributions to group differences in BP and vascular functions (outcomes). In these calculations, a family history of cardiovascular disease was considered as a potential confounder. Advanced maternal age, smoking in pregnancy, preeclampsia, gestational age and SGA at birth were considered to be perinatal exposures possibly related to outcomes. In addition, factors known to affect BP and vascular outcomes, such as current weight, height, smoking, age at menarche and oral contraception were investigated. Initially, simple regression was performed. Independent variables with p Ͻ 0.20 in these calculations were entered into a multiple regression model. Analysis of variance for repeated measurements was used to assess perfusion responses to ACh. A p value of 0.05 was considered significant.
RESULTS
There were no group differences in age (mean 16.5 y), smoking, use of oral contraceptives, age at menarche, or menstrual cycle phase. The preterm girls were shorter than the control girls and had a larger waist circumference, although no difference in BMI was noted (Table 1) .
Neonatal estradiol levels varied from 9 to 775 pmol/L (Table  2) . According to variance analysis, 40% of the estimated total variance could be attributed to interindividual differences in estradiol levels.
Brachial blood pressure. Preterm girls had significantly higher BP than control girls born at term (Table 3) , and four preterm girls had BP in the hypertensive range: age-and height-adjusted BP Ն90th percentile on the study day.
By use of multiple regression analysis, brachial SBP was independently related to preterm birth, a family history of cardiovascular disease, height, and smoking, but not to age, waist circumference, BMI, age at menarche, use of oral contraceptives, or heart rate. A corresponding analysis with diastolic BP as the dependent variable showed significant relations to preterm delivery, smoking, and heart rate ( Table 4 ). The pulse pressure was associated with preterm birth and height. In addition, the pulse pressure correlated with systolic BP (r ϭ 0.82, p Ͻ 0.0001) and diastolic BP (r ϭ 0.33, p ϭ 0.006).
Aortic blood pressure and augmentation index. According to pulse wave analysis, the aortic BP was significantly higher in preterm girls than in control girls ( Table 3 ). The AI was Ϫ2.4% (1.7) in preterm girls and Ϫ4.2% (1.8) in the control group (p ϭ 0.46). The AI did not correlate with any of the independent background variables.
Elastic arteries: dimensions and stiffness. Preterm girls had narrower abdominal aortas than did the control girls: the end diastolic diameter was 10.0 mm (0.2) compared with 11.0 mm (0.3) in the control group (p ϭ 0.01). The relative pulsatile diameter change-i.e. the vessel wall strain-was 15.9% (0.7) in the aorta of preterm girls and 13.4% (0.8) in the control group (p ϭ 0.03). The preterm girls had 15% lower aortic stiffness than did the control girls (p ϭ 0.02) ( Table 5) .
Multivariate analysis, including height and weight in the regression model, showed that in addition to group, the aortic diameter also correlated positively with age (r ϭ 0.42, p ϭ 0.01).
In both groups, the average carotid diameter was 6.5 mm (0.1), and the carotid strain and stiffness were similar. In the multivariate analysis, lower carotid strain was associated with later menarche (p Ͻ 0.01). 
PRETERM GIRLS HAVE HIGHER BLOOD PRESSURE
Brachial BP showed no correlation with aortic and carotid end diastolic diameters. Aortic and carotid strain correlated with pulse pressure (r ϭ 0.26 and 0.39, respectively, p Ͻ 0.05).
Muscular arteries: pulse wave velocity. The brachioradial PWV was 7.8 m/s (0.4) in girls born before term and 7.5 m/s (0.4) in control girls (p ϭ 0.54). In the regression model, the PWV was related to smoking (␤ ϭ 1.6, p ϭ 0.007), age at menarche (␤ ϭ 0.63, p ϭ 0.04), and BMI (␤ ϭ 0.19, p ϭ 0.02).
The PWV correlated to BP (r ϭ 0.42 for systolic BP, r ϭ 0.57 for diastolic BP, p Ͻ 0.001). After adjustment for BP, the group difference in PWV remained insignificant.
Skin blood flow and endothelial function. Resting skin perfusion was lower in preterm girls than in control girls (mean 5.9 versus 9.5 PU, p ϭ 0.01). The maximum increase in perfusion induced by the endothelium-dependent vasodilator ACh, however, was similar in the groups (107 PU (8.8) in preterm girls and 117 PU (9.0) in control girls (Fig. 1) .
Resting skin perfusion correlated with preterm birth and age (p Ͻ 0.05). The ACh response was higher in girls using oral contraceptives (mean 137 PU, n ϭ 15) than in those who did not (107 PU, p ϭ 0.01). We found no other associations between endothelium-dependent vasodilatation and background variables, including smoking. BP correlated inversely with basal skin perfusion (r ϭ Ϫ0.33 for systolic BP, r ϭ Ϫ0.30 for diastolic BP, p Յ 0.01).
Blood pressure and vascular functions in relation to neonatal estradiol, preeclampsia, and fetal growth restriction. In the preterm group, no significant associations were seen between neonatal estradiol levels, maternal preeclampsia, gestational age, or SGA at birth and later BP, arterial stiffness, or endothelial function.
Relation between vascular measures. Besides the relations to BP, the different measures of arterial stiffness and endothelial function were not interrelated.
DISCUSSION
The most important findings in the present study are that preterm adolescent girls had significantly higher BP, narrower aorta, and lower peripheral blood flow-i.e. increased vascular resistance-than did age-matched control girls born at term. By contrast, we found no evidence of endothelial dysfunction or arterial stiffening related to preterm birth The authors of a systematic review of the literature concluded that there was no consistent relation between preterm delivery and systolic BP (23) . However, the findings of recent large epidemiologic studies suggest that preterm birth contributes to higher systolic BP in young men (6, 7) . This effect of preterm birth on BP in adult life has been reported to increase as gestation shortens (3, 6, 7) . This could be one explanation for the lack of an association in early studies of BP in old adults, in whom survival after preterm birth was possible only after a slight shortening of gestation. Follow-up studies, including ambulatory 24-h BP measurements in very preterm girls and women, accord with our findings (4, 5, 8) .
Formula feeding of preterm infants has been associated with a higher BP in adolescence (24) . During the neonatal period, the preterm girls in the present study received breast milk, either from the mother or banked, and a vast majority of the full-term control infants were exclusively breastfed at 2 months of age. Consequently, the results in the present study should not have been affected by differences in neonatal nutrition.
The finding of a narrower abdominal aorta in preterm girls despite a higher distending pressure indicates that the difference in diameter has a structural basis. The reduced caliber of the aorta in preterm girls may be partly related to their lower height. Another unexplored hypothesis concerns the possibility of halted aortic development after preterm birth. In utero, more than 50% of the cardiac output is accommodated by the abdominal aorta on its way to the placenta. With the birthrelated cessation of placental circulation, blood flow in the abdominal aorta is significantly reduced. The reduction in aortic flow leads to a transient growth arrest in this part of the vascular tree (25) . We suggest that if this occurs well before term, it could result in a permanent narrowing of the abdominal aorta. Moreover, most of the preterm girls in this study (26/34) had had an umbilical artery catheter in the abdominal aorta. Umbilical artery catheters further reduce aortic blood flow and have previously been associated with vascular damage and thromboembolism. Because we measured the luminal diameter of the aorta, our findings do not exclude the presence of an increased aortic wall thickness. Thickening of the intima media, an early pathophysiologic event in atheroma formation, has been found in children (26) .
Surprisingly, preterm girls showed reduced aortic stiffness index, a finding that could not be attributed to differences in pressures or vessel dimensions. Experimental data suggest that an initial increase in aortic elasticity may precede later stages of accelerated arterial stiffening and atheroma formation (27) . Because the abdominal aorta is a predilection site for later atherosclerosis, longitudinal studies are needed to enable a full understanding of the significance of altered aortic stiffness in individuals born before term.
Endothelial dysfunction-a key factor in the early stages of atheroma formation-has been found in the neonatal skin microcirculation as well as in the brachial artery in children and adults born small and lean at term (20, 28, 29) . The present study confirms previous observations in infants and adolescents that preterm birth, alone or in combination with being SGA, does not contribute to endothelial dysfunction (2,30). A reduction in skin capillary density has been reported in indi- Control; Preterm. 848 viduals with essential hypertension and has been suggested to be a primary structural abnormality of the vascular tree in children of low birth weight, before the rise in BP occurs (31, 32) . However, in a recent study, there was no evidence of reduced capillary density in children and adults born before term (33) . Nevertheless, our finding of an inverse correlation between resting skin perfusion and BP indicates that the preterm individuals have an increased peripheral vascular resistance, possibly on a functional basis.
Our findings of relations between BP and forearm PWV are in line with previous brachial artery findings in children (34, 35) . However, in healthy adolescent girls, we found no relations between systemic AI, local stiffness indices of elastic arteries, and forearm PWV. The fairly high coefficient of variation for PWV measurements could have contributed to the absence of correlations. Another explanation is that the elastic properties are not uniformly distributed within the vascular tree, with fundamental differences between muscular and elastic arteries. Because large arteries exhibit differential changes in stiffness with aging, later interrelations between the different vascular measures cannot be excluded (36) . Finally, the transfer algorithm for determination of AI, shown to be accurate in older adults, has not been invasively validated in adolescents (18) .
Our findings suggest that variations in neonatal estradiol levels in preterm girls contribute little if any to later differences in vascular functions and BP. Nevertheless, we regard those findings as preliminary because the long-term developmental role of premature loss of the placenta as an endocrine organ remains obscure. When the marked increase in estrogen during the last trimester of pregnancy is considered, the control girls born at term had been exposed to much higher estrogen levels during late fetal life (10) . Although not equivalent to conditions after preterm birth, placental insufficiency in term pregnancies is associated with lower estrogen levels at birth, growth retardation of the baby, and endothelial dysfunction (28, 37) . Given our hypothesis, boys should be more affected by preterm birth. In accordance, very low birth weight boys have been shown to have higher BP than girls in late adolescence (8) .
Small group differences in vascular outcomes that may become larger and more important later on in life could have passed undetected because of limitations in power.
In summary, the finding of significant increases in BP and vascular resistance in preterm individuals at young ages may have implications for the prevalence of cardiovascular and renal diseases. The number of infants surviving very preterm birth is steadily increasing. Future research should aim at further clarification of the causes of an increase in BP and continued long-term follow-up of these individuals.
